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Myocardial tissue deformation is reduced in subjects with
coronary microvascular dysfunction but not rescued by
treatment with ranolazine
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Background: Patients with coronary microvascular dysfunction (CMD) often have diastolic dys-

function, representing an important therapeutic target. Ranolazine—a late sodium current

inhibitor—improves diastolic function in animal models and subjects with obstructive coronary

artery disease (CAD).

Hypothesis: We hypothesized that ranolazine would beneficially alter diastolic function

in CMD.

Methods: To test this hypothesis, we performed retrospective tissue tracking analysis to evalu-

ate systolic/diastolic strain, using cardiac magnetic resonance imaging cine images acquired in a

recently completed, randomized, double-blind, placebo-controlled, crossover trial of short-term

ranolazine in subjects with CMD and from 43 healthy reference controls.

Results: Diastolic strain rate was impaired in CMD vs controls (circumferential diastolic strain

rate: 99.9% � 2.5%/s vs 120.1% � 4.0%/s, P = 0.0003; radial diastolic strain rate:

−199.5% � 5.5%/s vs −243.1% � 9.6%/s, P = 0.0008, case vs control). Moreover, peak systolic

circumferential strain (CS) and radial strain (RS) were also impaired in cases vs controls (CS:

−18.8% � 0.3% vs −20.7% � 0.3%; RS: 35.8% � 0.7% vs 41.4% � 0.9%; respectively; both P

< 0.0001), despite similar and preserved ejection fraction. In contrast to our hypothesis, how-

ever, we observed no significant changes in left ventricular diastolic function in CMD cases

after 2 weeks of ranolazine vs placebo.

Conclusions: The case-control comparison both confirms and extends our prior observations of

diastolic dysfunction in CMD. That CMD cases were also found to have subclinical systolic dys-

function is a novel finding, highlighting the utility of this retrospective approach. In contrast to

previous studies in obstructive CAD, ranolazine did not improve diastolic function in CMD.
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1 | INTRODUCTION

Presentation with signs and symptoms of myocardial ischemia, in the

absence of obstructive coronary artery disease (CAD), is more fre-

quent in women, is associated with increased risk of major cardiovas-

cular events in follow-up, and is a major burden to the healthcare

system.1–6 The exact mechanism responsible remains incompletely

understood, and as a result, effective treatment remains elusive.

Sex-specific research initiatives, including the National Heart,

Lung, and Blood Institute–sponsored Women’s Ischemic Syndrome

Evaluation (WISE) study, have provided important insight into the

pathophysiology of this debilitating disease. For example, data from

the WISE study indicate that more than half of the women with signs

and symptoms of ischemia, but no obstructive CAD, have coronary

microvascular dysfunction (CMD).7–11 We also have observed greater

than expected diastolic dysfunction in this cohort,12,13 together with

a higher incidence of heart failure hospitalizations1—most notably

heart failure with preserved ejection fraction (HFpPEF).14 These data,

and reports from others, have led to the hypothesis that CMD may

be mechanistically linked with diastolic dysfunction in such subjects

and may serve as a precursor to HFpPEF. Drug therapies specifically

targeting these pathways are therefore of particular interest.

Late sodium current inhibition using ranolazine—a Food and Drug

Administration–approved medication for treatment of chronic

angina—has demonstrated both safety and efficacy as an anti-anginal

agent among subjects believed to have obstructive CAD.15–21

Despite a promising pilot trial, suggesting that late sodium channel

inhibition may also improve angina symptoms and myocardial perfu-

sion in women with CMD,22 results from our recent Phase III clinical

trial suggest only a modest benefit.23 It is possible, however, that late

sodium channel inhibition could improve other aspects of the CMD

phenotype. In particular, improving intracellular sodium homeostasis

should, in theory, limit calcium influx via the sodium–calcium

exchanger, shorten the action potential duration, and improve left

ventricular (LV) relaxation (ie, diastolic function). This has previously

been demonstrated in preclinical rodent studies24,25 and small clinical

studies of obstructive CAD.26,27 Whether late sodium current inhibi-

tion can similarly improve diastolic function in patients with CMD

remains unknown and is the focus of this investigation. To address

this question, we leveraged the cardiac magnetic resonance cine

images acquired in our recently completed, randomized, double-blind,

placebo-controlled, crossover trial of ranolazine (NCT01342029), and

performed retrospective tissue tracking analysis to evaluate LV strain

changes in response to short-term ranolazine administration. To char-

acterize strain abnormalities in our cases with CMD, we also per-

formed a case-control comparison in a cohort of healthy controls.

2 | METHODS

2.1 | Subject population

2.1.1 | Cases

Subject data were collected as part of a double-blind, placebo-con-

trolled, crossover trial, testing the efficacy of short-term ranolazine

(500 mg ranolazine/placebo for 1 week and increased to 1000 mg

ranolazine/placebo [as tolerated] for 1 week, twice daily) in subjects

with CMD. A detailed description of the methodology has previously

been published.23 Institutional review boards at Cedars-Sinai Medical

Center, Los Angeles and the University of Florida, Gainesville,

approved the study, and all subjects gave written informed consent

prior to study participation. Briefly, both men and women with symp-

toms thought due to ischemia, no obstructive CAD (<50% epicardial

coronary stenosis), and preserved LV ejection fraction, who had

abnormal coronary reactivity testing (CRT), coronary flow reserve

(CFR) <2.5, or no dilation (≤0% change) with acetylcholine, or stress

cardiac magnetic resonance imaging (CMRI) myocardial perfusion

reserve index <2.0, were enrolled. Angina frequency, nitroglycerin

diary, and 36-Item Short Form Health Survey were recorded as

previously described.23

2.1.2 | Reference controls

To compare LV strain in our CMD cohort to healthy reference con-

trols, 43 women without symptoms, cardiac risk factors, or signs sug-

gesting ischemic heart disease, who had a normal maximal Bruce-

protocol exercise treadmill stress test were recruited from the com-

munity between September 2007 and August 2015. All reference

control studies were performed at Cedars-Sinai Medical Center

where institutional approval was obtained, and all participants pro-

vided written informed consent.
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2.2 | Study design

All CMRI studies were performed on a 1.5 Tesla magnet (Siemens Health-

care, Erlangen, Germany) with electrocardiogram (ECG) gating and a

vendor-provided cardiac coil using a highly standardized protocol. Cine

function images were acquired in 10 to 12 short-axis slices using a steady-

state free precession pulse sequence with ECG gating during breath hold

at end-expiration (flip angle = 80�; resolution: 1.4 × 1.4 mm2; slice thick-

ness: 8 mm; matrix size: 256 × 208; receiver bandwidth = 930 Hz/pixel;

Echo Time [TE] = 1.26 ms). The primary outcome was LV relaxation rate

(ie, circumferential and radial diastolic strain rate), measured by myocardial

tissue tracking. Secondary outcome variables included LV systolic strain,

also by tissue tracking, along with global morphology and systolic function:

LV mass and volume, left atrial volume,28 and LV ejection fraction.

To characterize the level of dysfunction present in our subject

population, we first compared CMD cases (placebo visit) with our ref-

erence controls. Then, to test whether ranolazine improves diastolic

function in CMD, we then compared the placebo arm with the treat-

ment arm of the randomized, double-blind, placebo-controlled trial.

2.3 | Myocardial strain analysis using CMRI tissue
tracking

As illustrated in Figure 1, myocardial tissue tracking was performed off-

line using previously acquired steady-state free precession cine images,

and dedicated software (cvi42; Circle Cardiovascular Imaging Inc., Cal-

gary, AB, Canada). Myocardial tissue tracking is closely related to

reference-standard myocardial tissue tagging (see Supporting Figure 1 in

the online version of this article), as described in previous reports.29–31

For each subject and control, masked to patient data and treatment

period, a series of short-axis CMRI images were chosen, spanning the

left ventricle (base to -apex). Care was taken to avoid (1) basal slices that

included LV outflow tract and/or left atrium, and (2) apical slices without

clear delineation of the LV lumen at end-systole. As a general rule, the

apical slice was chosen 1 to 2 cm proximal to luminal obliteration. LV

endocardial and epicardial borders were manually delineated at end-

diastole. In case of insufficient tracking, defined as apparent deviations

of the contours from the endocardial and epicardial borders, contours

were manually corrected and the tissue tracking algorithm reapplied. All

of the data were analyzed by a single observer, who was blinded to each

subject’s medical history and/or treatment order. Our in-lab intrarater

variability, expressed as a coefficient of variation, for each of the primary

endpoints is as follows (mean � standard deviation [SD]): circumferen-

tial strain, 1% � 1%; radial strain, 3% � 2%; circumferential diastolic

strain rate, 6% � 5%; and radial diastolic strain rate, 7% � 5%.

2.4 | Statistical analysis

Data are expressed as mean � standard error, or as absolute frequency

and percentage for categorical data, unless otherwise specified. Differ-

ences between CMD cases and controls were compared using 2-sample

Student t test or Mann-Whitney U test. Treatment comparisons were

paired t tests on the treatment differences against the null hypothesis

of 0 difference (ranolazine–placebo). Linear regression models were

tested using treatment differences and outcomes. A stepwise proce-

dure was used to choose the variables that were significantly associated

with the outcomes. Statistical significance was set a priori at P < 0.05.

3 | RESULTS

Pertinent case and control subject characteristics are summarized in

Table 1. A total of 128 cases completed the trial, with complete and ana-

lyzable data from both treatment periods. Although the ages were similar,

the controls were on average 4 years older than controls (55 � 10 vs

51 � 10 years, respectively, P = 0.007), with cases having a higher body

mass index (BMI) (29.3 � 7.6 vs 25.6 � 3.7 kg/m2, P < 0.01). Heart rate

did not differ in cases compared to controls (P = 0.140); however, systolic

blood pressure was slightly higher in cases compared to controls

(P = 0.002), and diastolic blood pressure was slightly lower (P = 0.04).

3.1 | Case-control comparison

Myocardial tissue tracking confirmed previous observations, demon-

strating significant group differences in the rate of early ventricular

Tissue Tracking Motion Vectors Strain Map

RV

LV

FIGURE 1 Myocardial tissue tracking in a representative midventricular short-axis cine image. (Left) Contours are drawn on the endocardial and

epicardial boarders at a single phase of the cardiac cycle. (Middle) Tissue-tracking software propagates the contours automatically and follows
the motion of the contour throughout the cardiac cycle, displayed as motion vectors across the ventricular wall. (Right) Strain (circumferential or
radial) can then be displayed in the form of color maps throughout the cardiac cycle. In this case, circumferential strain is displayed. With these
data derived, diastolic strain rate is simply calculated as the time derivative of either circumferential or radial strain. Abbreviations: LV, left
ventricle; RV, right ventricle.
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relaxation in cases compared to controls (Figure 2). In particular, both

circumferential strain rate and radial diastolic strain rate (CSRd and

RSRd, respectively) were significantly reduced in cases compared to

reference controls (CSRd: 99.9 � 2.5 vs 120.1 � 4.0, P = 0.0003;

RSRd: −199.5 � 5.5 vs -243.1 � 9.6, P = 0.0008, cases vs controls),

as shown in Figure 2A,B. Myocardial tissue tracking also revealed, for

the first time, systolic strain abnormalities in cases compared to con-

trols (circumferential strain [CS]: −18.8 � 0.3 vs −20.7 � 0.3; radial

strain [RS]: 35.8 � 0.7 vs 41.4 � 0.9; respectively; both P < 0.0001),

as shown in Figure 2C,D, despite similar and preserved LV ejection

fractions (68% � 8% vs 65% � 6%, case vs control, P = 0.04). Impor-

tantly, these group differences remained after adjusting for age, BMI,

and blood pressure. We observed no relationship between myocar-

dial perfusion reserve index and LV diastolic or systolic function. Left

atrial volume normalized to body surface area, a secondary measure

of LV diastolic function, was not significantly different between cases

and controls (39.2 � 1.0 mL/m2 vs 41.9 � 1.5 mL/m2, P = 0.104).

3.2 | Influence of late sodium channel inhibition on
systolic and diastolic function

In contrast to our hypothesis, short-term late sodium channel inhibi-

tion with ranolazine did not improve either LV circumferential

diastolic strain rate (ΔCSRd = 2.0 � 1.7, P = 0.25) or radial diastolic

strain rate (ΔRSRd = −2.6 � 4.3, P = 0.54). Likewise, systolic CS and

RS also remained unchanged (ΔCS = 0.09% � 0.15%, P = 0.545;

ΔRS = −0.13% � 0.47%, P = 0.785), as did left atrial volume (Δ left

atrial volume normalized to body surface area = 0.62 � 0.67 mL/m2,

P = 0.356) and LV ejection fraction (Δ ejection fraction −0.03 � 3.33,

P = 0.92). Moreover, we observed no relationship between the

change in myocardial perfusion reserve index and the change in LV

function with ranolazine.

Subanalysis of the subjects with clinically significant limited coro-

nary flow reserve <2.5 and/or subjects with the lowest diastolic

strain rate (ie, 1 and 2 SD below the mean), also did not reveal any

major benefit in LV strain/strain rate with ranolazine. Modeling

demonstrated that among subjects with the same change in angina

frequency and change in reported depression, usage of nitrates was

associated with a higher estimated change in radial diastolic strain

rate of 23.2 units (P = 0.013). Use of nitrates also tended to predict

the greatest change in radial diastolic strain rate (15.1%/s), compared

to those not on nitrates (P = 0.08), independent of other modeling

factors.

4 | DISCUSSION

Women with signs and symptoms of ischemia, but no obstructive

CAD, often have coronary microvascular dysfunction and are at

increased risk for developing HFpPEF. We have previously shown, in

2 separate small proof-of-concept studies,12,13 that the rate of LV

relaxation is impaired in women with CMD. The data herein both

confirm and extend those previous observations using novel, retro-

spective, myocardial tissue tracking in a much larger cohort of cases

and controls. First, we confirm that LV relaxation rate is reduced in

patients with CMD. Second, we extend our previous work by docu-

menting subclinical LV systolic dysfunction for the first time in this

subject population. With this foundation, we tested whether late

sodium channel inhibition could rescue LV dysfunction in CMD. In

contrast to previous work in obstructive CAD, however, we observed

no detectable major benefit with ranolazine on LV relaxation or

systolic strain.

CMRI is the clinical reference-standard imaging tool for the eval-

uation of LV morphology and function. Notably, magnetic resonance

cine imaging provides excellent intrinsic blood-to-tissue contrast and

a high degree of reproducibility. As such, cine imaging is an intrinsic

part of every cardiac magnetic resonance imaging (MRI) exam world-

wide. CMRI is also the reference technique for measuring myocardial

tissue deformation (ie, strain), which is increasingly recognized as a

more sensitive measure for the detection of LV dysfunction than

other, more traditional, cine-derived global metrics of LV func-

tion.32–34 Conventional strain imaging has not been widely adopted

throughout the magnetic resonance community, however, largely due

to its associated technical challenges, including difficult and some-

times unavailable imaging sequences, longer and/or additional breath

holds and scanner time, and lack of available postprocessing software.

Myocardial tissue tracking with MRI, which utilizes standard cine

images to assess myocardial deformation, has recently emerged as an

TABLE 1 Baseline demographic and clinical variables

Variables Cases Controls

No. 128 43

Female 96% 100%

Age, y 55 � 10 51 � 101

BMI, kg/m2 29.3 � 7.6 25.6 � 3.71

Race, non-Caucasian 31 (24.2%) 17 (39.5%)

Tobacco use

Current 2 (1.6%) 2 (4.7%)

Former 38 (29.7%) 13 (30.2%)

Never 88 (68.8)% 27 (62.8)

History of hypertension 69 (53.9%) 0

History of diabetes 23 (18.0%) 0

History of hyperlipidemia 70 (54.7%) 1 (2.3%)

Family history of premature
coronary artery disease

83 (64.8%) 13 (30.2%)

LV ejection fraction, % 68 � 8 65 � 61

Heart rate, bpm 67 � 12 64 � 11

Systolic blood pressure, mm Hg 128 � 20 119 � 141

Diastolic blood pressure, mm Hg 62 � 13 66 � 91

Medications

β-blockers 54 (42.2%) 0

Calcium channel blockers 29 (22.7%) 0

Angiotensin-converting enzyme
inhibitors

13 (10.2%) 0

Nitrates 50 (39.1%) 0

Statins 74 (57.8%) 0

Hormone replacement therapy 16 (12.5%) 0

Abbreviations: BMI, body mass index; LV, left ventricular.

Date are presented as mean � standard deviation or absolute fre-
quency (%).
1 P < 0.05.
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exciting new tool for reliably measuring LV strain,29–31 independent

of field strength.35 Importantly, this approach to strain measurement

does not require any image acquisition beyond the standard routine

CMRI procedure.

Application of myocardial tissue tracking to our existing clinical

dataset reestablishes diastolic dysfunction as an important clinical

phenotype in CMD, confirming observations from 2 separate small

proof-of-concept studies from our laboratory.12,13 Given the

increased incidence of heart failure in this subject population,1 of

whom the majority of cases have preserved ejection fraction,14 dias-

tolic dysfunction may represent an important therapeutic target. We

speculate that interventions aimed at alleviating diastolic dysfunction

in patients with CMD may prevent future development of clinical

HFpEF. That we also observe subclinical systolic dysfunction in cases

compared to controls further strengthens the relationship between

CMD and HFpEF. LV strain is also impaired in HFpEF,36–38 and asso-

ciated with a higher risk of heart failure hospitalization, cardiovascular

death, and aborted sudden death.36

Ranolazine has been shown to improve diastolic function in sub-

jects with CAD.26,27 To test whether ranolazine is equally effective in

subjects with CMD who have no obstructive CAD, we leveraged the

recently completed randomized, placebo-controlled trial of late

sodium current inhibition with ranolazine in CMD (NCT01342029).23

In line with a recent study in subjects with aortic stenosis,39 we

observed no major differences in diastolic or systolic function

between the placebo arm and the ranolazine arm. Although the rea-

son for this negative finding remains unclear, we acknowledge that it

may be related to the treatment regimen. For example, in our positive

pilot study,22 we administered ranolazine for 4 weeks (2 weeks

500 mg twice daily, followed by 2 weeks of 1000 mg twice daily),

resulting in better self-administered questionnaire scores and a trend

toward an improvement in myocardial perfusion reserve index (which

was significant in women with CFR <3.0). In the present trial, how-

ever, subjects were treated for 2 weeks (1 week of 500 mg twice

daily and 1 week of 1000 mg twice daily), which may have at least

partially contributed to the present findings.

4.1 | Limitations

Myocardial tissue tracking uses proprietary modeling algorithms to

track the endocardial and epicardial boarders of the left ventricle,

providing detailed information about global LV strain. Other more

conventional strain imaging modalities derive their measurement of

strain very differently. For example, speckle-tracking echocardiogra-

phy relies on tracking acoustic backscatter within the myocardium

itself. Similarly, gold-standard tissue tagging changes the tissue mag-

netization in such a way that the myocardium is divided into quantifi-

able square patterns. In both of these methods, regional changes in

tissue deformation, spanning the epicardium, midwall, and endocar-

dium, can be measured throughout the cardiac cycle. Thus, a major

limitation of myocardial tissue tracking is its inability to differentiate

and quantify regional deformation changes separately in the epicar-

dium, midwall, and endocardium.
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FIGURE 2 Group strain and strain rate data comparing cases with coronary microvascular dysfunction (red bars) with healthy matched controls

(black bars). Top panels (A and B) illustrate group differences in radial diastolic strain rate (A) and circumferential diastolic strain rate (B). Bottom
panels (C and D) illustrate group differences in peak radial (C) and circumferential (D) strain. *P < 0.05.
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Myocardial tissue tracking of short-axis cine images provides

quantitative information about circumferential and radial tissue defor-

mation (ie, strain and strain rate). Although LV strain has previously

been shown to have important prognostic value,32–34 we acknowl-

edge that the rate of circumferential or radial strain is not a conven-

tional diastolic metric (like Dopple-derived mitral inflow, annular

tissue velocity, or pulmonary venous velocity). However, we believe

the rate of LV tissue deformation more closely reflects changes in

myocardial relaxation rate per se, rather than transmitral filling veloci-

ties, which can be drastically influenced by changes in filling pressure.

This is exemplified in a previous report from our group in cases with

CMD, where we observed diastolic strain abnormalities despite

significantly elevated LV filling pressures.13

A fundamental assumption of this investigation is that CMD pro-

longs the late sodium current, even under resting conditions, such

that inhibition of this current would improve intracellular calcium

homeostasis. This is an important consideration when interpreting

the present results. Future investigations are needed, evaluating the

effects of late sodium channel inhibition on diastolic function during

periods of physiological stress.

5 | CONCLUSION

Impaired myocardial deformation, as represented by a reduction in

LV circumferential and radial strain and strain rate, provides impor-

tant insight into the pathophysiology of disease. Here, we used myo-

cardial tissue tracking, a simple, noninvasive postprocessing tool used

to measure myocardial deformation, to both confirm diastolic dys-

function in CMD and extend these observations to subclinical systolic

dysfunction for the first time. Application of this technique also

afforded the opportunity to test whether short-term treatment with

the late sodium channel inhibitor ranolazine could improve LV func-

tion in subjects with CMD. Our finding that ranolazine did not

improve LV function in subjects with CMD may reflect the nonis-

chemic state of the resting myocardium in these subjects, and

warrants further investigation.
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